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Abstract 
 
Electrowetting on micro-patterned layers of SU8 photoresist with an amorphous 
Teflon® coating has been observed. The cosine of the contact angle is shown to 
be proportional to the square of the applied voltage for increasing bias. 
However, this does not apply below 40V and we suggest that this may be 
explained in terms of penetration of fluid into the pattern of the surface. 
Assuming that the initial application of a bias voltage converts the drop from 
Cassie-Baxter to Wenzel regime, we have used this as a technique to estimate 
the roughness factor of the surface. 
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INTRODUCTION 
A small droplet of a liquid deposited on a surface either forms a spherical 
cap shape with a well-defined equilibrium contact angle θ to the solid or it 
spreads across the surface until it forms a wetting film. The precise equilibrium 
that results is determined by a balance between the interfacial forces for the 
solid-liquid (γSL), liquid-vapour (γLV) and solid-vapour (γSV) interfaces. This 
equilibrium can be ascribed to the balancing of the relative interfacial contact 
areas (ASL, ALV and ASV), given the interfacial tensions for a particular solid-
liquid-vapour system, so as to minimise the surface free energy [1-3]. 
 
Super-hydrophobicity and electrowetting both modify the effective 
contact angle by altering the balance of surface free energy without altering the 
chemically determined interfacial energies. In current approaches to 
superhydrophobicity, the solid surface is physically structured through either 
patterning or roughness such that the ratio of actual surface area to the 
geometric (horizontally projected) surface area r is greater than 1 [4]. Wenzel’s 
equation, cosθr = rcosθe gives the equilibrium contact angle on the rough 
surface θr as a function of the contact angle on a flat surface θe and the surface 
roughness r, provided intimate contact is maintained between the solid and the 
liquid. Wenzel’s equation predicts that the basic wetting behavior of a surface 
will be enhanced by roughness so that roughness on a surface with θe>90o will 
result in a larger angle and roughness on a surface with θe<90o will result in a 
smaller angle. In practice, intimate contact is not usually maintained on high 
roughness hydrophobic surfaces, unless hydrostatic pressure is applied, and 
the liquid drop effectively sits upon a composite surface of the peaks of the 
topography and the air separating the surface features so that Cassie-Baxter 
equation applies cosθr= fcosθe - (1-f) where f is the fraction of the area covered 
by the pattern. Nonetheless, it is possible to generate surfaces that are super-
hydrophobic (θr≥150o) and one of the key differences to the predictions from 
Wenzel’s equation is that the effect of roughness on surfaces will be to further 
emphasize super-hydrophobicity; the contact angle for which roughness causes 
increases in apparent contact angle will be reduced below 90o. 
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In electrowetting, the solid surface upon which the liquid drop rests is a 
thin electrical insulator layer of thickness d coating an underlying conducting 
surface [5]. Thus, a slightly conductive droplet creates a capacitance defined by 
the contact area of the droplet and the substrate. When a voltage, V, is applied 
between the conductor and insulator an electric charge is created and this alters 
the surface free energy balance. The additional energy per unit area due to the 
capacitance is given by ½CV2 where for a simple planar surface the 
capacitance per unit area is C=εrεo/d. It is found that on a flat surface the 
equilibrium contact angle for a given voltage is given by the expression 
cosθe(V) = cosθe+CV2/(2γLV). The prediction of this equation is that a voltage 
will cause the contact angle of a droplet to decrease so that a reduction in 
hydrophobicity occurs. This effect is seen in practice although hysteresis is 
often observed; because the effect is capacitive, either a dc or ac voltage can 
be used. From the above description of super-hydrophobicity and 
electrowetting, it appears that these two mechanisms are complementary with 
one providing an increase in hydrophobicity and the other a reduction 
simultaneously applicable to a single surface. In a recent report of 
electrowetting on nanostructured surfaces [6] it was demonstrated that dynamic 
electrical control of the wetting behavior of liquids could be achieved from 
superhydrophobicity to almost complete wetting. In this work we report studies 
of electrowetting on superhydrophobic surfaces of micro-patterned SU-8 
photoresist structures. 
 
EXPERIMENTAL 
SU-8 is an epoxy based negative photo-resist that can be used to 
fabricate thick patterns with smooth walls and which is strong, stiff and 
chemically resistant after processing. The properties of SU-8 also make it 
suitable for making super-hydrophobic surfaces in the form of arrays of pillars. 
Hydrophobic SU-8 surfaces with high aspect ratio patterns become super-
hydrophobic. Substrates were prepared by initially coating a glass cover slip 
with an 8nm layer of Ti followed by a 40 nm layer of Au by sputter coating. SU-8 
was deposited on top and patterned in the form of circular pillars as described 
previously [7]. The patterned SU-8 was spin coated with amorphous 
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fluropolymer Teflon® AF 1600 (DuPont Polymers). The completed structure 
consisted of cylindrical pillars of diameter (7.0±0.5) µm with a centre to centre 
separation of 15 µm and with height of (6.5±1.3) µm and on a base layer of 
approximately 8.5 µm confirmed by scanning electron microscope images and 
shown in Fig. 6.  Droplets of deionised water with 0.01M KCl were deposited 
from a syringe and a solid metal wire brought into contact with the drop as 
shown in Fig. 1; the drop volume was restricted to the range where gravity is not 
significant. The profile of the drop was captured and analysed using the drop 
shape analysis software on a Kruss DSA-1 contact angle meter. A dc voltage 
was applied using a Keithley 2410 source/meter under the control of a 
microcomputer.  Surface profiles were measured after experimentation by gold 
coating and monitoring in a SEM. 
 
 
 
 
 
 
 
 
Fig. 1. Experimental arrangement for electrowetting. 
 
RESULTS AND DISCUSSION 
In Fig. 2 we show the drop images for a drop of water immediately after 
deposition (upper image), at the maximum voltage applied of 130V (middle 
image) and at zero volts after the bias had been removed (bottom image). One 
feature that is clearly observed is the high hysteresis in the contact angle. In 
Fig. 3 we show the change in the cosine of the contact angle as a function of 
the square of the applied bias voltage; the seep time for a voltage cycle was 
260 seconds representing 5 volt steps with a 5 second settling time before 
measurement. From the simple theory, based on a planar surface, we would 
expect a reversible change in contact angle as the voltage was applied then 
removed. However, in this experiment the starting contact angle is 152o and, 
after a cycle from zero volts up to 130 V and back to zero, the contact angle has 
Figure 4.  Electrowetting. 
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reduced to 114o. Figure 3 clearly shows that there is no reversibility and that the 
contact angle continues to fall even as the voltage is decreased. Although in 
Fig. 3 low bias voltages do not produce a linear change, from 70 V up to the 
maximum voltage a good fit to a straight line is observed. Figure 4 shows the 
change in base diameter, defined as the length of the macroscopic contact line 
between liquid and solid, as a function of applied voltage. For values of bias up 
to 45 V little change is observed in the base diameter. This suggests that under 
the effect of the applied bias, liquid is being drawn into the pattern and that the 
drop is changing from the Cassie-Baxter to the Wenzel regime. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Image of a water drops on a SU-8 patterned surface with a Teflon® 
AF overlayer showing the Initial drop (upper), drop with maximum applied 
voltage (centre) and drop with voltage removed (lower). 
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Fig. 3. The cosine of the contact angle (θ) as a function of the square of the 
applied voltage (V2) showing the increasing voltage starting at cos θ =-0.812. 
 
If this is the case then we should expect that the linear region of Fig. 3 
should allow us to predict the roughness factor of the pattern given a known 
contact angle on a flat surface. In addition, if the water enters the pattern we 
would expect it to follow the Wenzel model and recent work has suggested that 
high contact angle hysteresis would be expected for such a system [3]. For the 
voltage range following the threshold voltage at which a conversion from a 
Cassie-Baxter to the Wenzel state occurs, we use a fitting parameter V0 and 
plot cos θ as a function of (V - V0)2 adjusting the V0 to give the best fit; from this 
fit the intercept should give the cosine of the Wenzel angle θr. The presence of 
a constant V0 occurs in the classical derivation for electrowetting of a dipolar 
liquid directly on a metal surface due to the creation of a charge double layer 
[8]; the offset voltage V0 is required to overcome the spontaneous charging that 
appears at zero voltage. However, in our case we have an insulating layer of 
SU8 between the liquid and the metal electrode and the situation more closely 
resembles the work of Verheijen and Prins [9] who use a flat insulating layer on 
a metal substrate. They suggest that when a potential is applied there is a 
possibility that charge becomes trapped in or on the insulating layer. They show 
that the effect of this trapped charge is similar to the classical case and also 
gives the cosine of the contact angle proportional to (V-V0)2. In our experiments, 
we have the additional complication of an enhanced solid-liquid interfacial area 
due to the patterning of the substrate and this means the intercept in the fit 
provides the cosine of the Wenzel angle, which takes into account surface 
roughness. 
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In Fig. 5 we show this for the voltage range from 45 to 130 volts. The 
data gives an R2=0.9998 fit for V0 = (28±1) V which corresponds to a θr from the 
intercept of 143.3o±0.4o. A measurement of the contact angle on a flat surface 
treated with the Teflon® AF gives θe = 113.9o. Using Wenzel’s equation and the 
derived value for θr, this gives a roughness factor of 1.92±0.1. As the pattern is 
a replication of a circular pillar of diameter (7.0±0.5) µm and estimated height of 
(6.5±1.3) µm within a box of sides 15 µm x 15 µm, the roughness factor is r = 
1.64±1.7. The slight difference in these values may be explained from the 
electron microscope image shown in Fig. 6; the arrow in this diagram 
represents 20 µm. This clearly shows Teflon® from the spin coating process 
acting as bridges between the pillars. These bridges will be adding an extra 
contribution to the surface roughness, which is not reflected in the simple area 
calculation. Fig. 7 shows a simple model for the extra surface area introduced 
by a single bridge between pillars in the spin direction. If the diameter of the 
pillars is taken as (7.0±0.5) µm and the average height (6.5±1.3) µm with the 
bridge being half the height of the pillar, the new roughness factor becomes 
r=1.87±0.2, which is in close agreement with the value estimated from Fig. 5. 
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Fig. 4. The base diameter as a function 
of the square of the applied voltage.  
Fig. 5. The cosine of the contact angle (θ) as 
a function of (V-V0)2 where V is the applied 
voltage and fitting parameter V0 = 28 volts.  
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For a simple electrowetting model the gradient of thee line in Fig. 5 
should be equal to C/(2γLV) where C is the capacitance per unit area. Treating 
the pillars and troughs as two capacitors in parallel with f the fraction of the area 
occupied by the pillars, we can write the gradient as equal to [(εoεr)/ 
(2γLV)][f/d1+(1-f)/d2] where d1 is the height from the gold layer to the top of the 
pillars and d2 the height from the gold to the bottom of the trough. Estimating 
values for d1 and d2 is complicated by the extra structure on the AF1600 coating 
in the gaps between the pillars. However, estimating a range of values for d1 
and d2 and taking f=0.15, γLV=72.8 mN m-1 and εr=3 gives a gradient of 
between 10-4 and 10-5 (V-2) which gives the correct order of magnitude as the 
gradient from Fig. 5 of 7.0 x 10-5 (V-2). 
 
CONCLUSION 
Electrowetting on patterned layers of SU8 photoresist with an amorphous 
Teflon® coating has been observed. The data presented suggests that, on 
application of a bias voltage, water is initially drawn into the pattern converting 
from a Cassie-Baxter to Wenzel regime. Beyond the voltage at which the base 
Fig. 6. Scanning electron microscope 
image of patterned surface with Teflon 
AF coating; the arrow represents 20 µm.  
 
Fig. 7. Revised model for roughness 
calculation with pillar of height h and 
diameter d and single bridge of height h/2. 
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diameter begins to change, the cosine of the contact angle becomes 
proportional to the square of the applied voltage less a constant. From the 
intercept we can estimate the Wenzel angle on the surface and hence deduce 
an estimate for the surface roughness. This estimate gives a figure too high for 
simple smooth pillars and this is confirmed by scanning electron microscopy 
where bridges are observed. A simple modification to the roughness model to 
take account of the extra surface area brings the roughness factor in line with 
the electrowetting data.  
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Figure 1 Experimental arrangement for electrowetting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Image of a water drops on a SU-8 patterned surface with a Teflon® 
AF overlayer showing the Initial drop (upper), drop with maximum applied 
voltage (centre) and drop with voltage removed (lower). 
Figure 4. Electrowet i  
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Figure 3. The cosine of the contact angle (θ) as a function of the square of the 
applied voltage (V2) showing the increasing voltage starting at cos θ =-0.812. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The base diameter as a function of the square of the applied voltage  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The cosine of the contact angle (θ) as a function of (V-V0)2 where V is 
the applied voltage and fitting parameter V0 = 28 volts. 
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Figure 6. Scanning electron microscope image of patterned surface with Teflon 
AF coating; the arrow represents 20 µm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Revised model for roughness calculation with pillar of height h and 
diameter d and single bridge of height h/2. 
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